Abstract-In this work, the Nerium Oleander was dried at its prescribed drying temperature (50±2.5 º C) in indirect solar dryer (ISD) using phase change material (PCM) as energy storage medium. 12 kg of paraffin wax were used as a latent heat thermal storage. From the experimental obtained results it is found that the ISD implementing PCM as thermal storage medium successfully maintains the temperature of drying air around 50 º C for seven consecutive hours. It is also found that the temperature of drying air is higher than ambient temperature by 2.5-5 º C after sunset for 5 hrs at least. This profile of the temperature of drying air helps reaching the final moisture content of Nerium Oleander after 14 hrs. Nine thin layer drying mathematical models were tested to specify the suitable model for describing the drying behavior of the Nerium Oleander. It was found that Midilli and Kucuk model is convenient to describe the thin layer solar drying of Nerium Oleander.
I. INTRODUCTION
Medical plant loses its valuable contents when it is exposed to direct solar radiation or when treated with high oven temperature. So there is deep need for a new design for the indirect solar dryer that is able to dry the medical plants and maintain all its valuable contents at the same time. Moreover, the valuable medical plants will be dried then it will be economically beneficial as a result of storing it and/or exporting it.
Nerium Oleander is used as a decorative tree for both streets and school gardens neglecting its medical content. The chemical analysis of Nerium Oleander indicates a large amount of glycoside as reported in [1] , [2] . The glycoside medical component is economically important as it is used in heart treatment [3] , [4] .
A few types of medical plants are dried using the indirect solar dryer such as mints [5] , [6] and thymus [5] . Although most of these studies concern the drying curves and their suitable mathematical modeling description, they ignore the important factor of the best desired plants drying temperature.
The phase change material (PCM) ability to store large amount of thermal energy during its melting process and benefit of it under constant temperature later, makes it excellent tool to improve the solar drying system. Limited researchers [7] - [11] utilized the PCM in solar drying system. Although these studies show that the implementing of the PCM in the solar dryer improves thermal performance of the drying system, it ignores the heat losses. Besides, they do not examine their drying system for drying medical plants.
In this work, for the first time, the Nerium Oleander was dried at its prescribed drying temperature (50±2.5 ºC ) in an indirect solar dryer (ISD), in which the PCM storage unit is located at the inner bottom of the drying compartment to reduce the heat losses.
II. MEASUREMENTS AND EXPERIMENTAL PREPARATION
The ISD was designed and fabricated in the Solar Energy Laboratory workshop, Faculty of Engineering, Tanta University. Complete design details of the air heater, drying compartment and PCM storage unit can be found elsewhere [12] . The ISD implementing PCM was tested using the test rig shown in Fig. 1 Drying Nerium Oleander in an Indirect Solar Dryer Using Phase Change Material as an Energy Storage Medium
The Nerium Oleander was collected from the faculty of pharmacy's research farm in order to be dried by the ISD. There are several considerations which took place during the drying process. Initially the spoiled plants were discarded to avoid products contamination from bacteria. Moreover, selected plants of same size were chosen carefully to ensure the physical characteristics uniformity. Then the selected plants were cleaned using tab water to remove any undesired materials. Cotton clothes were used to remove any water remains from the surface of the plants.
In order to determine the initial moisture content, the plants were weighed while they were fresh then dried at electric oven for 48 hours on 70º C and the dried products were weighed for the second time. A digital balance, type 300-9213/b 125A, of readability 0.0001 gm was used to measure the mass of the sample every 60 minutes until it reaches a constant weight.
A. Drying Parameters
In this section, the governing equations of the drying process and its basic definitions are introduced. The initial moisture content on dry base d M 0 is defined as the mass of moisture present in the sample per unit mass of dry matter in the sample [13] :
The moisture content td M at any given time on dry base is computed using the following expression as presented in [14] :
can be calculated from the following equation [15] :
The moisture ratio MR is defined as:
The moisture ratio MR is simplified by some investigators [6] , [16] to M t /M 0 because the equilibrium moisture M e content is significantly less than the initial moisture content M 0 . In this case, (5) becomes
The mass shrinkage ratio is defined as [17] :
The drying thermal efficiency is given as [18] : [27] Moreover, the thin layer drying equations given in Table I  [ 19] - [27] are tested to select the most suitable model for describing the drying curve of Nerium Oleander. For model evaluation, a nonlinear regression analysis is used. The correlation coefficient R, the statistical parameter reduced chi-square x 2 , and root mean square errors RMSE are used to determine the quality of the fit. The higher value of R and the lower values of x 2 and RMSE are chosen as the criteria for goodness of fit. The reduced chi-square x 2 and the root mean square errors RMSE are calculated as follows [28] : 
III. RESULTS AND DISCUSSIONS
The ISD implementing PCM is used to dry Nerium Oleander on a typical day of October 2013 where the maximum measured values of solar radiation and ambient temperature are 1109 W/m 2 and 31º C, respectively as seen in Fig. 2 . The variation of the average value of drying air temperature is also shown in Fig. 2 . The ISD implementing PCM as thermal storage medium successfully maintains around 50º C for seven consecutive hours as clearly seen in Fig. 2 . It is also seen in Fig. 2 that is higher than ambient temperature by 2.5-5º C after sunset for 5 hrs at least. This profile of drying temperature helps reaching the final moisture content of Nerium Oleander after 14 hrs as clearly seen in Fig. 3 . The shrinkage ratio is 0.367 as calculated from (6) . Variation of moisture ratio of one kg of Nerium Oleander with drying time is shown in Fig. 4 . The thin layer drying models given in Table I are applied on the drying curve of Nerium Oleander represented in Fig. 4 and the obtained statistical results are summarized in Table II . From the results of Table II 
Midilli and Kucuk
Comparison between experimental moisture ratio and that predicted using Midilli and Kucuk model for Nerium Oleander is shown in Fig. 5 . From this figure it is clear that, the established model (11) provided good conformity between experimental and predicted moisture ratios, and the predicted data generally banded around a 45º straight line. This means that, this model is valid in describing the thin layer solar drying behavior of Nerium Oleander for given operating drying parameters. 
IV. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
The ISD implementing PCM is experimentally tested for drying Nerium Oleander. From the experimental obtained results it is concluded that the utilization of PCM in the ISD smoothes the temperature of dying air and provide a suitable temperature for drying Nerium Oleander during 14 hrs. It is inferred that using high thermal conductive particles with paraffin wax as energy storage material may improve the thermal performance of the indirect solar dryer. He obtained his PhD in environmental engineering from the University of Nottingham, UK in 2011. His PhD research focused on developing a field validated numerical model to investigate the water hydrodynamic of lake El-Manzala, Egypt. He is interested in the development and application of computational models to provide an improved understanding of the fundamental processes that cause real world environmental engineering problems, and which may assist in the design of sustainable solutions to these problems. The focus of some of his current and recent research studies is the modeling of the water hydrodynamics and water quality of lakes. In addition, solar energy applications are became of his most recent interest. A Novel indirect solar dryer to dry medical plants using PCM as storage medium was designed and investigated. This project was funded through Tanta University, Egypt.
